ABSTRACT: Research on mudrock attributes has increased dramatically since shale-gas systems have become commercial hydrocarbon production targets. One of the most significant research questions now being asked focuses on the nature of the pore system in these mudrocks. Our work on siliceous mudstones from the Mississippian Barnett Shale of the Fort Worth Basin, Texas, shows that the pores in these rocks are dominantly nanometer in scale (nanopores). We used scanning electron microscopy to characterize Barnett pores from a number of cores and have imaged pores as small as 5 nm. Key to our success in imaging these nanopores is the use of Ar-ion-beam milling; this methodology provides flat surfaces that lack topography related to differential hardness and are fundamental for high-magnification imaging.
INTRODUCTION
Mudrocks (sedimentary rocks having a dominant grain size of , 65 mm) have received renewed research focus the past few years because of their emergence as hydrocarbon reservoirs (Montgomery et al. 2005) . Numerous fundamental questions are being asked about mudrock systems, including what are the nature and distribution of pores that compose shale-gas reservoirs. Identification of mudrock pore networks has become a higher research priority as the commercial value of mudrocks has increased.
Our studies show that much of the mudrock pore system is not readily observable by conventional sample-preparation methods. Because of their small size, most pores are difficult to differentiate from samplepreparation artifacts, as seen in broken or conventionally mechanically polished samples. To image mudrock pores more accurately, we have implemented new approaches to sample preparation that allow unequivocal recognition of pores as small as 5 nm (Reed and Loucks 2007) .
In this paper we report on studies of mudrock pores in siliceous mudstones of the Barnett Shale from the Fort Worth Basin (Fig. 1) . The Barnett is a succession of organic-rich, black mudstones ( Fig. 2) deposited in a deep (below storm wave base), predominantly dysaerobic to anoxic foreland marine basin along the south margin of the Laurussian paleocontinent ( Fig. 1 ) during the Mississippian Period (Gutschick and Sandberg 1983; Loucks and Ruppel 2007; Ruppel and Loucks 2008; Rowe et al. 2008) . Geochemical studies and vitrinite reflectance (VR o ) data suggest that the Barnett strata were heated to temperatures between 100 to 180uC in some parts of the basin .
Shale-gas production in Newark East field, currently the largest gas field in Texas and the second-largest in the United States (EIA 2006) , comes entirely from the Barnett Shale. Although Barnett gas production depends on hydraulic fracturing stimulation to create a permeable collection system, two major unanswered questions exist: (1) where is the gas stored in the rock and (2) what pathways does the gas follow from the matrix to these induced fractures that allow it to flow into the well bore? Methodology that we developed to image nanopores and the resulting images provide critical data for addressing these questions. The major aims of this investigation, therefore, are to investigate the pore structure present in this unit and consider the links between organic distribution, gas storage, and permeability pathways (pore structure) from the hostrock matrix into the induced fracture system. To further these aims, the objectives of this paper are to (1) characterize all observable pore types in the Barnett samples, with special emphasis on the predominant nanopore types; (2) provide images of the nanopores and discuss the techniques to obtain images of these pores; (3) consider origins of the nanopores based on their characteristics and occurrences; and (4) compare petrographic data with measured petrophysical data. The data and images we present here should provide a fundamental starting point for continuing research on the nature, formation, and distribution of pores in all mudrock systems.
METHODS AND SAMPLES
For this study, samples from 18 wells (Fig. 1, Table 1 ) were examined. Samples range in depth from 57.9 m to 2604.5 m. Details of samples from four of these wells are discussed in this paper (Table 2) . However, the concepts presented here are based on the entire dataset. The Texas United Blakely #1 well and the Mitchell Energy T.P. Sims #2 well, both from southeastern Wise County, are in the producing area of the Barnett Shale (Fig. 1) . Blakely #1 samples were taken from the upper Barnett Shale and the upper part of the lower Barnett Shale. Sims #2 samples were taken from the middle part of the lower Barnett Shale. All seven samples are black, organic-rich, siliceous mudstones. Figure 2 displays two of these mudstone samples. Lower-thermal-maturity, siliceous mudstone samples from shallower depths (Table 2) are presented for comparison with higher-thermal-maturity samples. The shallow samples are from the southwestern part of the Fort Worth Basin (Fig. 1) . The two samples presented in the paper are from the Houston Oil & Minerals G.B. Walker #D-1-1 well is in San Saba County and the Houston Oil & Minerals Neal #A-1-1 well is in McCulloch County (Fig. 1) .
For our initial studies of Barnett pore structure, we prepared 130 samples for petrographic analysis. The thin sections were impregnated with both normal blue dye and blue fluorescent dye and ground to 30 microns thick and finished with a polished surface (0.5 mm diamond grit). Ultraviolet-light microscopy generally can reveal clusters of micropores that are impregnated with the blue fluorescent dye; however, no pores were visible using a petrographic microscope that was equipped with a mercury lamp ultraviolet light. Subsequently we prepared highly polished thin sections (microprobe quality) for scanning electron microscopy (SEM). However, these samples also proved unsuitable for high-resolution imaging of mudstone pores. Standard grinding and polishing methods of preparing mudstone thin sections, using fine grit and power, produced surface topographic irregularities because of differential hardness of components (Fig. 3A) . These irregularities greatly exceed the size of nanopores in the Barnett Shale and other black shales (e.g., Bowker 2003; Nelson 2009 ; this study). Thus, even polished thin-section samples are inadequate for pore identification using SEM-based techniques.
We also examined broken sample chips using the SEM. At first these samples appeared to show numerous pores, but when later compared with samples prepared by Ar-ion-milling, discussed below, it became apparent that these pits or holes were plucked artifacts resulting from sample breakage. The breaks in the sample were not across grains, but around grains, providing holes that could be mistaken as pores.
To eliminate these conventional preparation limitations, we utilized argon-ion milling to produce a much flatter surface (Fig. 3B) . The technique is similar to a common method for preparation of electrontransparent-transmission electron microscope samples (e.g., Hover et al. 1996) , although the milling is confined to one surface rather than two. Arion-beam milling produces surfaces showing only minor topographic variations unrelated to differences in hardness of the sample but, rather, to slight variations in the path of the Ar-ion beam. Operating the ionmilling system using an accelerating voltage of 5 to 7 kV and a gun current of about 300 mA has proven effective in producing relatively flat surfaces on mudstone samples making them suitable for very highmagnification imaging.
For this study, 33 ion-milled cut surfaces from 25 samples from 18 wells were prepared (Table 1) . Where possible, surfaces were cut perpendicular or at a slight angle to bedding, but in a few samples the cut had to be at a moderate angle to bedding. We used three ion-milling machines to prepare surfaces and to test quality of milled surfaces (machines manufactured by JEOL USA, Inc., Leica, and the Specimen Preparation Group of Gatan, Inc.). Several samples from the same layers were made to check for variability within samples. Although differences in cutting equipment produced different sample-area outlines, surface topography of flat areas of the samples was virtually identical. One sample was given a 20-nm-thick gold coat, and other samples were given a 4-nm-thick platinum coat. Two samples were initially examined at very low kV without conductive coatings on the cut surface, but they have subsequently been coated with a 4-nm thickness of platinum and reexamined. Samples were examined using two different scanning electron microscopes (SEM), each of which provided different imaging advantage. The tungsten filament model was a Philips XL30 equipped with an Oxford Instruments ISIS EDS system. The field emission SEM was a Zeiss Supra 40 VP. Both systems are at the University of Texas at Austin. Initial examination of the coated samples was on the standard tungstenfilament SEM, equipped with an energy dispersive spectroscopy (EDS) system and a backscattered electron (BSE) detector. Secondary electron (SE) images were acquired for documenting topographic variation, and BSE images were acquired for delineating compositional variation. This imaging provided important information on lithologic variation and general locations of pores throughout the whole sample. Accelerating voltage was typically 20 kV, with spot size varying depending on the nature of imaging being carried out.
The resolution necessary to delimit the smallest pores (, 5 nm) was not possible on tungsten-filament SEM systems. Additional imaging using a field-emission-gun SEM equipped with an in-lens SE detector provided greatly increased detail of nanometer-scale features. Low accelerating voltages (1-5 kV) were typically used on this system to prevent beam damage and also to allow examination of uncoated surfaces. Working distances were 3 to 6 mm.
Measurements were made from SEM photographs on all pore types observed in the mudrock samples. Several samples were selected for size analysis (Table 3) . Detailed measurements and analyses were made primarily for nanopores within grains of organic matter because these pores are most common and relevant to this investigation. Pore sizes and pore-size distribution in the grains of organic matter were determined by using computer software (JMicrovison) to outline and measure all individual pores in an area of interest. Pore diameters and aspect ratios were determined for each pore, and average and median diameters were determined for groups of pores. Measuring a three-dimensional ellipsoidal object or space from a two-dimensional plane can create errors in calculating the true dimensions or amounts of the object or space (Halley 1978; Johnson 1994) . These ellipsoidal features are generally undercounted. The nanopores in the grains of organic matter in the Barnett mudstones are multishaped, and in some organic grains the pores have preferred alignment. Both of these factors make accurate corrections of analyses impossible. However, the fact that the mean pore size or the volume is underestimated is taken into account in the discussion section on nanopore abundance later in the paper.
Image-based porosities were measured by point counts of SEM images for selected areas (Table 4) . In some cases, either multiple-image mosaics were used for increased resolution, or parts of images were used to focus on organic matter. Several hundred to more than 3300 points on each image were used for pore counts. We completed analyses on 28 representative areas of interest.
Five core plugs from the Blakely #1 well were analyzed for porosity, permeability, nuclear magnetic resonance (NMR), and capillary pressure by Core Laboratories Advanced Technology Center. Details of porosity and permeability are shown in Table 5 . All analyses were run on the same plug so that the analyses could be interrelated. The cores from the Blakely #1 well were obtained in 1985 and were not preserved in their natural state. Dewhurst et al. (2002) pointed out that cores which have dried can introduce uncertainty in measurements of capillary pressure. Dehydration of sample material may have affected NMR measurements also. The reader is referred to Dewhurst et al. (2002) for a discussion on the effects of drying samples.
According to Core Lab methodology, porosity and permeability were determined from core plugs processed to remove residual reservoir fluids using a reflux soxhlet. The samples were then dried in a vacuum oven at 220uF and cooled to room temperature in a moisture-free environment. The samples were placed in a pulse decay permeameter to measure porosity and permeability at both 800 psi and 2500 psi. Porosity was calculated using Boyle's law of gas expansion, and Klinkenberg permeability was determined by pressure decay where the pressure was vented at a known rate.
Nuclear magnetic resonance (NMR) analyses were conducted on three samples. Core Lab's process included first vacuum drying the samples at 93.3uC then pressure saturating the sample with a formation brine. Measurements were made on a MARAN Ultra instrument operating at a proton Lamor frequency of approximately 2 MHz. T 2 (transverse relaxation time) was measured at an interecho spacing of 0.26 ms. The Carr-Purcell-Meiboom-Gill pulse sequence was used. The signal-to-noise ratio for the NMR measurements was a minimum of 100:1.
Five core plugs were analyzed for analyses of capillary pressure using high-pressure mercury injection. Core Lab used a Micromeritics AutoPore mercury injection instrument for testing. Samples were subjected to an injection pressure of up to 55,000 psia.
Humble Geochemical provided total organic carbon (TOC) data for numerous mudrock samples in the Fort Worth Basin. In the northern Fort Worth basin area, mean TOC is 4% with a range of 0.4 to 10.6%. In the southern Fort Worth basin area, mean TOC is 5.1% with a range of 0.2 to 11.3%. Measurements of samples presented in this paper are as follows; VR o for the Blakely #1 well core samples average 1.35% (USGS unpublished data; Table 2 ), whereas in the Sims #2 well core samples, VR o is about 1.6% ; Table 2 ). The lower VR o sample from the Walker #D-1-1 well measured 0.52% (USGS unpublished data; Table 2 ), and the lower VR o sample from the Neal #A-1-1 well is estimated at , 0.50% on a map from (Table 2) .
Fifty-two X-ray diffraction analyses were obtained on Barnett mudrock samples throughout the Fort Worth Basin. Samples were analyzed by Omni Laboratory and N. Guven, Texas Tech University, Lubbock, Texas. Some of these data are presented in Loucks and Ruppel (2007) . Mineralogy differs between the northern and southern parts of the Fort Worth Basin (Table 6 ), the southern area being generally more clay rich and silica poor.
BARNETT SILICEOUS MUDSTONE PORE TYPES

Pore-Size Groups
Thirty-three core samples from the siliceous mudstone lithofacies of the Barnett Shale of the northern Fort Worth Basin were analyzed using the imaging methods described earlier (Table 1) . After a detailed petrographic and SEM study of numerous samples, several types of pores were recognized and grouped into two general categories on the basis of size: micropores (pores having diameters $ 0.75 mm, Fig. 4 ) and nanopores (pores having diameters , 0.75 mm, Figs. 4, 5, 6). Nanopores, which are located within organic matter, and less commonly in pyrite, are by far the most abundant pore type in our Barnett samples. Pores located in organic matter are termed intraparticle organic nanopores in this study. Nanopores were also observed in bedding-parallel, wispy, organic-rich laminae in fine-grained-matrix areas in which pores exist both within grains of organic matter and between them.
Although fracture porosity has been proposed as a storage and transport mechanism for hydrocarbons in shales (e.g., Dewhurst et al. 1999) , only one naturally occurring microfracture containing porosity has been found in the Barnett Shale, despite extensive searching using a variety of megascopic and microscopic investigative techniques. Cemented microfractures and fractures are present, however, particularly in carbonate-rich mudstones (Gale et al. 2007 ).
Micropores
Most micropores are associated with whole microfossils, fragmentary fossil material, or pyrite framboids. A few primary intragranular pores associated with the body cavities of fossils such as foraminifera are present. However, most fossil-related, primary intraparticle pores are filled with carbonate, silica, and/or pyrite cement. In some shell-rich layers of the Barnett mudstone, fossils that have been replaced by silica have small amounts of intragranular porosity (Fig. 4A ). Micropores are also associated with diagenetic minerals, such as pyrite (Fig. 4B) or quartz, which have incompletely filled small voids possibly left by algal spores (e.g., Tasmanites). Secondary pores formed by dissolution along cleavages in silt-sized feldspar have also been observed. Nano-to microintercrystalline pores within pyrite framboids vary with the size of the framboids. Smaller framboids (2-10 mm in size) contain pores that typically range in size from 0.05 to 1 mm (Fig. 4B ), whereas larger framboids display pores ranging from 1 to 5 mm in diameter. Pore shapes are generally polyhedral with straight margins. As a group, micropores are relatively rare in Barnett mudstones except for those in pyrite framboids.
Nanopores Interparticle Nanopores
Interparticle nanopores (pores between grains) are rare. Those observed were developed at the margins of larger grains (Fig. 4C ) and dispersed within very fine-grained matrix (Fig. 4D) . Interparticle pores associated with grain boundaries tend to be relatively large (long diameters of hundreds of nanometers) and are more common in siltbearing laminae. Although these pores are uncommon overall, clusters are observed locally in some samples.
Intraparticle Organic Nanopores
Intraparticle organic nanopores (pores within grains; Fig. 5 ) constitute the most widespread and numerous pore type in the Barnett Shale. Shapes vary from nearly spherical (Fig. 5A ) to irregularly polygonal (Fig. 5B) , with slightly irregular ellipsoids being the most common shape (Fig. 5A ).
CHARACTERIZATION AND DISTRIBUTION OF ORGANIC MATTER
Because most of the pores in the Barnett mudstones are nanopores and nanopores are associated with organic matter, distribution of this organic matter is crucial to an understanding of overall pore networks and permeability. TOC in Barnett rocks from the producing area varies from 0.4 to 10.6%, with an average of 4.0% (Loucks and Ruppel 2007) . Samples from the southern Fort Worth Basin exhibit similar values. We have observed from petrographic and SEM analyses that the volumetric amount of organic matter varies widely in each sample, even at the millimeter scale. Variations in organic matter in the Barnett mudstones seem tied to laminations within the mudstones; some laminations are organic matter rich and some lack organic matter almost entirely.
Size and shape of grains of organic matter vary widely. Grain diameters observed in the samples studied vary from less than 1 micron to tens of microns. Grain shapes vary from rounded or nonrounded equant to platy to irregularly angular. The most complex grains have shapes suggesting that their formation is related to early compaction and are elongate parallel to bedding. The grains of organic matter may be pieces of transported terrestrial plants, algal matter, or remnants of other marine organisms. Many are structureless grains for which assigning any source would be difficult. Geochemical analysis of the Barnett organic matter (Montgomery et al. 2005) has shown that kerogen is dominantly type II (algal) in the Barnett Shale. Large plant fragments, as much as 1 cm in diameter, have been observed in core but were not intersected by any of the milled surfaces.
DESCRIPTION OF NANOPORES
Occurrence and Distribution
Nanopores are typically found in three modes of occurrence within the mudstone, two of which are associated with organic matter. Most nanopores are found in discrete grains of organic matter (Fig. 5B, C) . Additional nanopores are found among bedding-plane-parallel wisps of organic-rich matter (Fig. 5D ) and in association with extremely finegrained matrix material, but not in direct contact with any grains of organic matter (Fig. 4D) . Because the vast majority of nanopores are found within organic matter, particularly grains, description of this occurrence is emphasized in the following sections.
Morphology
Intraparticle organic nanopores most commonly have somewhat irregular, ellipsoidal shapes, but other morphologies are also present (Fig. 5A) . Elliptical sections are the most common pore outline (Figs. 5A,  6A) . However, at higher magnification and increased resolution, many pore shapes tend to appear less elliptical and show more convolute edges (increased rugosity). In some organic grains, shapes are rounded but are not simple ellipsoids (Fig. 6C ). These complex pores may result from coalescence of multiple ellipsoidal pores and in some cases appear colloform to botryoidal. Polyhedral angular pores, some triangular in cross section, are dominant in other organic grains (Fig. 6B) .
Nanopores are generally nonequant to some degree. In different organic grains, average aspect ratios of nanopores show variation from 1.8:1 to 4.1:1. Average aspect ratios (eccentricity) of sets of nanopores within organic grains have a mean of 2.8:1. The vast majority of intraparticle organic nanopores do not have triangular cross sections, as do interparticle pores in clastic rocks. Nor do most nanopores resemble the parallel-elongate secondary pores commonly formed by dissolution, such as in feldspars.
Overall, nanopores in organic matter from the Sims #2 core samples show better ordered, less rounded, more equant pore shapes (Fig. 6C) than do other samples. Some nanopores from this sample show rectilinear alignment, which seems to be related to underlying structure or heterogeneity within grains. These patterns are similar to those observed in some plant materials and coal macerals (i.e., Hower et al. 1999) , although pores sizes in our samples are much smaller (nanometer scale rather than micron scale). Whereas simple internal structures are typical (Fig. 6A) , some pores can be complex. Many larger pores have internal textures, such as columnar structures (Fig. 6B) .
Connectivity between pores controls permeability of the rock and is a key component of the movement of fluids and gases through these siliceous mudstones. In some examples (Fig. 6C, D) , long, narrow throats were observed connecting larger nanopores. The narrow width and shallow depth of these conduits make them difficult to resolve in images. Traces of throats are generally straight to smoothly curving. Throat widths are less than 20 nm, and lengths greater than 200 nm have been observed. These extremely small pore-throat widths are consistent with pore-throat sizes calculated from capillary-pressure analysis, showing that most pore throat diameters peak between 10 and 15 nm and range from less than 5 to 100 nm in diameter (Fig. 7) . Our pore-throat-size data for Barnett Shale nanopores agrees with shale pore-throat-size data presented by Nelson (2009) . Nelson compiled studies that show pore throats range from 8 to 17 nm in diameter in Jurassic-Cretaceous Scotian Shelf shales, 7 to 24 nm in diameter in Devonian Appalachian Basin shales, 9 to about 45 nm in diameter in Pliocene Beaufort-Mackenzie Basin shales, and 20 to about 160 nm in diameter in Pennsylvanian Anadarko Basin shales.
Pore Size
Determining average diameters of intraparticle organic nanopores is complicated by the nonspherical shape of some pores. Many larger, more complex nanopores appear to have composite shapes, formed by amalgamation of smaller pores during pore growth. Most such complex pore shapes were treated as separate pores for measurement. Also, as mentioned in the Methods and Samples section, measuring pore sizes in a two-dimensional plane is not totally accurate because the maximum dimension is not always intersected.
Measurements have been made of mean and median apparent pore diameters from various images and image mosaics. Mean and median intraparticle organic nanopore diameters vary from grain to grain (Table 3) . Median pore diameters for nanopore groups are typically less than mean sizes, and peaks on histograms of diameters are typically slightly less than the median value (Fig. 8) . These numerical relationships apply for almost all histograms, even though for a few measured areas, smaller pores may be underrepresented in the data owing to resolution limitations.
Although some small grains of organic matter lack larger nanopore sizes (. 30 nm), this lack in size may be a function of limited surface area or absolute volume of the smaller grains. Large organic grains generally show a wide variability in pore diameter, and very small nanopores (, 30 nm) are always present.
Nanopores in grains of organic matter from the Barnett siliceous mudstone lithofacies have an approximate median size of 100 nm and range in size from as low as 5 nm to greater than 800 nm (Fig. 8A) . Composite intraparticle organic nanopores rarely approach 1 micron in diameter. Average nanopore diameters in individual grains vary from 20 to 185 nm, and median sizes range from 15 to 160 nm. Peaks on size histograms have approximately the same range as median diameters. Rare organic grains may contain a bimodal size distribution of pores (Fig. 8B) .
NMR measurements were conducted on three samples from the Blakely #1 well (Fig. 9) . As noted in the methods section, these samples were resaturated with brine for analyses. T 2 -relaxation time curves produced from these measurements provide an estimation of pore-size distribution (e.g., Kenyon 1992; Basan et al. 1997 ), but they provide no quantitative data on actual pore sizes. Overall shape of the point-count histograms shown in Figure 8 reveals a relative pore-size distribution similar to that of the NMR curves in Figure 9 . This apparent correlation suggests that the high peak on the NMR curves records the dominant intraparticle organic nanopores, whereas the secondary lower peak at the higher T 2 -relaxation times records larger intraparticle organic nanopores, along with rarer micropores. The similarity of the NMR data to our poreimaging findings lends support to our interpretation of pore-size distributions in the Barnett mudstones.
Pore Abundance and Size Distribution
Nanopore densities within grains of organic matter can be high (Table 3) . Grains containing hundreds of nanopores are common; in one case a single 10.8-mm-diameter grain contained more than 1,000 nanopores of various shapes and sizes (Fig. 6C shows part of this grain). Average intragranular nanopore diameter does not appear to be directly related to the size of the organic grain. Both large and small nanopores are typically found in organic grains of all sizes, although a few of the smaller grains have only small nanopores, as discussed earlier.
In organic grains in which nanopores appear to be randomly distributed, a slight decrease in pore density seems to occur adjacent to grain edges. This decrease in density may be related to physical changes in the material at grain edges so that pores are less likely to form.
In some organic grains with abundant nanopores, there are areas where few or no pores are present (Fig. 5C ). Also, a few organic grains in samples with abundant nanopores show no nanopore development, and it is unclear whether the lack of pore development is related to different organic composition (i.e., inertinite) or other factors, such as late localized compaction. Fewer intraparticle organic nanopores are associated with disseminated organic matter (wisps) in the mudstone matrix (Fig. 5D) . Size of this organic matter is in the tens to hundreds of nanometers range, and it is typically elongate parallel to bedding.
Laboratory measurements of porosity for four Blakely core-plug samples range from 0.7 to 6.5 percent porosity (Table 5 ). Our calculations of pore space from point counts of individual images and image mosaics (tens to hundreds of square microns in area) from these same Blakely   FIG. 7. -Histograms of pore-throat diameters calculated from four capillary-pressure sample analyses of Barnett siliceous mudstones in the Blakely #1 well. Note that most calculated pore throat diameters fall in the 5-15 nanometer range, which is consistent with pore-throat dimensions measured from SEM images in this paper (see Fig. 6 ). Porosities and permeabilities shown on the graphs are from core-plug analyses of the same samples. (Table 4 ) reveal a wide range of porosities (4.45-22.5%). In general, porosity (pore volume) values from core-plug analyses are higher than estimations made from our pore-imaging analyses. Methods of calculation of porosity values from SEM analysis are presented in the Discussion section. Our overall impression is that limited pores were developed or preserved outside of the organic matter, except for intercrystalline pyrite pores.
Laboratory values are matched or exceeded only in sample estimations made from clusters of pores within grains of organic manner. Nanopore porosity values calculated for entire grains of organic matter ranged from 5.6 to 20%. Within grains showing nonuniform pore distribution, as much as 30% porosity was calculated in pore-rich areas. In a few image areas, the minimum pore size was defined by image resolution, not by actual pore sizes (which were below resolution). Thus, our porosity calculations may be low in these areas and should be viewed as minimum values.
Styles of nanopore occurrence, for example, relating to pore size, shape, and distribution, vary among grains of organic matter. Style is consistent within a grain, but not necessarily among grains in the same sample.
Pores in Low-Maturity Rocks
Eleven siliceous mudstone samples were examined from eight wells in the low-thermal-maturity area of the Barnett Shale in the southern Fort Worth Basin (Fig. 1) , of which two are presented here (Fig. 10) . Mudrocks in this area (southern Fort Worth Basin) have VR o values less than 0.7% ) indicating that they are at the low end of the hydrocarbon generating window. Pore systems in these samples contrast greatly with those of higher-maturity samples (VR o values . 0.8%) from areas in the north part of the Fort Worth Basin. The primary difference is that grains of organic matter in these less mature samples have few or no pores and show no internal grain heterogeneity (Fig. 10) . The nanopores that are present in these mudstones are elongate and parallel to organic grain boundaries (Fig. 10A) .
DISCUSSION
Origin and Significance of Organic Nanopores
The strong correlation between nanopore abundance in grains of organic matter and vitrinite reflectance suggests that pore formation is the result of thermal maturation and conversion of the organic matter (i.e., kerogen). This conclusion is supported by the absence of nanopores in grains of organic matter from our lower-thermal-maturity samples and their abundance in more thermally mature samples. This relationship is consistent with observations made by Hover et al. (1996) , on lowthermal-maturity rocks from the Antrim and New Albany Shales using the transmission electron microscope. They found no visible intercrystalline or interparticle matrix porosity in these shales.
Our conclusions are also supported by work of Chalmers and Bustin (2007) . In a study of Cretaceous shales, they showed a strong relationship between micropore volume, methane sorption capacity, and organicmatter content (see their fig. 9 ). Their samples with highest concentrations of inertodetrinite and vitrinite had highest methane sorption capacities. Although Chalmers and Bustin (2007) did not directly relate origin of micropores to maturation of organic matter, the positive correlation between organic matter and micropore abundance is consistent with our findings.
Collectively, these data suggest that pores are formed as kerogen is converted to hydrocarbons, resulting in the formation of liquids and gases that coalesce into bubbles. Jarvie et al. (2007) theorized the following scenario for porosity development from organic-carbon decomposition. The TOC in a hydrocarbon source rock comprises two components. The first has been described variously as ''live carbon'' (Pepper 1992) , ''pyrolysable carbon'' (Espitalie et al. 1984) , or ''convertible organic carbon'' (Jarvie 1991) . The second component has been termed by Cooles et al. (1986) ''inert carbon'' or ''dead carbon.'' The principal discriminating factor between these two components is hydrogen content, which depends initially on organic-matter type and preservation, but also on thermal maturity during catagenesis. Convertible organic carbon content will yield hydrocarbons and additional dead carbon upon thermal maturation, whereas dead carbon has only a minor capacity to generate dry gas. During thermal maturation and conversion of convertible organic carbon, decomposition of organic matter leads to formation of hydrocarbons and, simultaneously, intraparticle organic nanopores.
Pore growth during hydrocarbon maturation can explain many features seen in association with intraparticle organic nanopores. Formation of the long, narrow pore throats may have been driven by differential pressure buildup within evolving adjacent pores owing to hydrocarbon generation. More complexly shaped pores may result when closely spaced pores expand to form a connection between one another. Origin of more ordered nanopores (Fig. 5) is less intuitive. Lack of any ordered nanopores in grains of organic matter in low-maturity samples suggests that the ordered nanopores in the mature samples are not the result of inherited, organic nanopores from the grain. However, relict nanoscale to microscale heterogeneities within organic grains may influence nucleation sites of hydrocarbon pores.
Intraparticle organic nanopores form over a period of time, corresponding to increases in temperature with burial. The process of conversion of kerogen to hydrocarbons and associated pores starts at low thermal maturity (at 0.60% VR o the conversion might be 10% by weight; Peters 1986 ). The temperature range for Barnett Shale hydrocarbon generation is about 100 to 160uC, given the measured rates of decomposition (i.e., kinetics) of Barnett Shale . At 120 to 140uC (given enough time), approximately 50% conversion of convertible organic carbon in kerogen occurs ). The result is that generation of hydrocarbons in Barnett mudstones may create a large number of secondary pores owing to conversion of organic matter dispersed in the rock. This conversion method and the size of nanopore produced are consistent with studies of high-maturity kerogen by Behar and Vandenbroucke (1987) , who reported pores of 5-to 50-nm size, depending on the type of kerogen hosting the pores.
Variability in the source of organic matter could greatly influence amount of porosity developed. Organic matter that produces pores consists of convertible or live carbon components of the TOChydrocarbon-prone parts of the organics matter-which has varying amounts of hydrogen, depending on organic-matter type. Because alginites have more hydrogen than vitrinites, one would expect a larger pore-volume yield from the decomposition of alginites.
In relating pore abundance to maturity level, the timing of pore formation relative to compaction is important. The convolute shape of some organic grains (Fig. 5A ) suggest that they have undergone at least some compaction, but it was probably early. Pore formation certainly postdates most compaction because compaction would have closed pores or at least altered their shapes. Lack of preferred orientation to pore elongation in most samples also indicates postcompaction.
Upscaling Intraparticle Organic Nanopore Volumes and Size Distributions
Analysis of the volume and size distribution of intraparticle organic nanopores requires nanometer-scale-resolution images from the SEM. This means that only very small areas (tens to hundreds of square microns) can be analyzed efficiently at the necessary resolution. However, we have developed a simple method of upscaling results from these small areas to a volumetrically significant volume.
Our procedure for upscaling limited-area porosity calculations from point-count data was to combine porosity measurements from pointcount data with measurable TOC in the sample. Using this approach, we first calculated average porosity from the sample image area. We then converted TOC from weight percent to volume percent, thus allowing the porosity value to be applied to the total organic matter in the sample. For example, in the Blakely #1 2,167.4-m sample, median porosity within organic matter grains is 17.0%, and TOC of the sample is 4.05 weight %. This converts to 8.42 volume % organic matter based on the assumption that 1.2 g/cc is the density of organic matter and 2.5 g/cc is the density of the inorganic matter. These data convert to an estimated porosity of 1.4% (8.42 3 0.17), which should be considered a minimum because of the exclusion of rare pores found outside the organic matter. This calculated value does not compare well to the substantially higher porosity value of 6.5% measured by helium porosimetery for the Blakely #1 2,167.4 m sample (Table 5 ). The calculated value is much higher than any pore volume that can be accounted for by our image-based calculations. The difference in values may be in part the result of undercountering pores in a 2D plane, missing pores in other parts of the plug, problems with conventional core-plug analysis on mudrocks, and/or not including substantial pores in pyrite framboids.
Gas Storage and Permeability Pathways within Barnett Mudstone
This is the first study to document the types, size range, and distribution of pores in the productive mudstone lithofacies of the Barnett Shale. It is an important step toward understanding where gas is stored and how it might migrate from the mudrocks into induced fractures that enable production. Up to the present, only microfractures have been suggested as a permeable flow pathway into induced fractures (Curtis 2002) . As noted earlier, open microfractures were not found in the productive area of the Barnett Shale. Montgomery et al. (2005) stated that in shale-gas systems, gas is stored as adsorbed and nonadsorbed (absorbed and free) gas. In the case of adsorbed gas, methane molecules are attached to surfaces of organic and mineral material, such as phyllosilicates. In the nonadsorbed state, methane molecules reside in pore spaces as either free gas or solution gas in a liquid. Prior to our documentation of pores within the Barnett Shale, characteristics and distribution of pores containing adsorbed and/or free gas were not known. We have now shown that naturally occurring pores in Barnett mudrocks are predominantly associated with organic matter and pyrite framboids. It should be noted, however, that even though mean pyrite abundance is high (average 9%), only framboidal pyrite commonly contains pores. The volume of pores associated with pyrite was not determined, although it seems to be far less then the volume of pores in organic matter. Work is ongoing to further resolve the relative distribution of pores in pyrite. Understanding the magnitude of this complex pore network is essential to quantifying gas storage in Barnett reservoirs.
Given that most pores are associated with organic matter, permeability pathways should be greatly influenced, if not controlled, by the threedimensional arrangement of organic-matter grains. Connected organic matter could enable limited flow, depending on the connectivity of the nanopores within it. Preliminary observations suggest variations in the distribution of organic matter among samples that could account for variations in permeability. Figure 11 illustrates diagrammatically some hypothetical relationships between arrangement of nanoporous organic matter and permeable flow paths that are based on organic matter having different concentrations and layering characteristics. If organic matter is concentrated in laterally continuous layers, it may produce relatively good permeability pathways within Barnett mudstones. If the organic material is sparser but laterally continuous (mesh-like network), these layers may produce modest permeability. Finally, if the organic matter is sparse and discontinuous or disseminated, it will have poor to no permeability associated with it.
Core-plug permeabilities (core-plug Klinkenberg permeability ranges from 0.06 to 1.23 microdarcys) shown in Table 5 for Barnett mudstones are higher than permeabilities measured in other mudstones (e.g., Neuzil 1994). Montgomery et al. (2005) , however, reported Barnett Shale permeability ranges from microdarcys up to 0.01 md. Reasons for these higher values may be that the Barnett mudstones are better quality reservoirs or that conventional core-plug measurements of permeability are not valid for tight mudstones. Also, the samples not being preserved in their natural fluids may have affected the measurements (Dewhurst et al. 1999) .
CONCLUSIONS
Our studies show that pores in siliceous mudstones of the Barnett Shale are dominantly nanometer in scale, and that most nanopores are associated with grains of organic matter. Pores not associated with organic matter are far less common, except for intercrystalline pores associated with framboidal pyrite. Our data also show that the abundance of pores in organic matter is directly related to thermal maturity. Based on these relationships we conclude that most nanopores formed in grains of organic matter during thermal decomposition of organic matter during hydrocarbon generation. Other uncommon pore types consisting of intragranular, moldic, intercrystalline, and interparticle pores do not appear to add to the effective porosity network. We therefore conclude that the siliceous mudstone hydrocarbon reservoirs in the Mississippian Barnett Shale of the northern Fort Worth Basin consist of a nanopore network that is in part controlled by abundance and distribution of organic matter and, possibly, pyrite. Also, gas flow may be a combination of permeable layers of organic matter and diffusion.
Our image-based pore-volume calculations suggest that conventional laboratory core-analysis porosity determinations of pore volume may be too high. This may indicate that new methods are needed for accurate characterization of pore volumes. Further work is clearly needed to determine how well our imaging results compare to analyses obtained by traditional porosity, permeability, capillary pressure, and NMR analyses.
Our SEM-based characterization of mudrock nanopores is a critical first step in better understanding of the distribution and causes of pore development in shale-gas systems. More research is needed to more fully define the interrelationships between pore formation, nanopore distribution, and fluid flow in mudrocks. To fully verify the observations and conclusions we have made, it will be critical to examine additional mudrocks samples from both the Barnett and other mudrock successions. It will also be important to develop improved methods for upscaling SEM-scale to larger rock volumes. A deeper understanding of intraparticle organic nanopore development from different organic-matter types is also critical. Data on organic-matter volume and distribution and their relationships to pore volume and permeability will lead to a better petrophysical understanding of mudrocks as well as a better estimation of gas reserves.
